The lubricant, perfluoropolyethers (PFPEs), has been modeled and analyzed using molecular dynamics simulations based on a coarse-grained bead-spring model. An ultrathin lubricant film with a thickness of 1-2 nm is coated on a disk to lubricate the head disk interface (HDI) of hard disk drives (HDDs). The retention performance of the lubricant film is studied, which is important to avoid a direct contact between the head and disk. The replenishment performance is also studied, which is essential to repair the lubricant film ruptured by a contact of the head. Finally, the typical phenomenon of touch down-take off hysteresis during the contact between head and disk is confirmed and analyzed because of the nanoscopic interactions in the HDI.
Introduction
In order to realize the ultra-high recording areal data density of 2 Tb/in 2 , and even 10
Tb/in 2 , in hard disk drives (HDDs), a reduction in the flying height (FH) is required. The current FH is approximately around 5 nm. Future recording systems will have lower FH below 3 nm; the variations of the FH have an influential effect on the recording performance. Such a low FH promotes intermittent head-disk contact leading to the loss of data and even catastrophic failure of the drive. Moreover, at such a low spacing, the short range interactions caused by intermolecular force, meniscus force, etc. become more significant for the head disk interface (HDI). These interactions cause the head's flight to be unstable because these forces are highly dependent on the spacing and surface conditions between the slider and the disk. Ultrathin lubricant film is another important issue, which lubricate head and disk interfaces, thus improving the reliability of HDD system. With the reduction of FH, a smooth and stable ultrathin lubricant film is required. Furthermore, the lubricant uniformity, roughness, durability, and stability are associated with increasing areal density. Thus, the ultrathin lubricant film plays a key role in high density data storage capability.
Because it is difficult to probe the ultrathin lubricant film through experiments, the mobility and performance of the lubricant is still not well understood at the molecular level. In order to grasp the nanoscopic phenomenon and elucidate the mechanism of it, in this paper, molecular dynamics simulation is employed to investigate the short range interaction between the head and ultrathin lubricant film. 2 ) n ]OCF 2 -X (m/n ~ 2/3) were used. Here, the end group, X, stands for F in nonfunctional Z , CH 2 OH in funtional Zdol, as shown in Fig. 1 , and CH 2 (OC 2 H 4 ) p OH (in average, p=1.5) in strongly functional ZdolTX, respectively, where the hydroxyl/ether group exhibit strong polar interaction. These functional end groups enable the molecules to strongly bind onto the carbon overcoat surface and form a thermally stable film. In this study, PFPE Zdol is employed with average molecular weight of 2000 g/mol, which is typically used for HDD purposes. The coarse-grained bead-spring model (1) , (2) is applied to describe a PFPE Zdol 2000
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molecule. The bead diameter σ is set to 0.7 nm corresponding to the diameter of the polymer chain (3) , (4) . The model polymer consists of 10 beads to represent PFPE Zdol 2000
with a chain length of about 7 nm. All the beads in the simulation system have dispersive interactions described by the 12-6 Lennard-Jones (LJ) potential (5), (6) .
(1) where ε is the potential depth, σ is the bead diameter, r is the distance between the beads, and r 0 = 3.0σ is the cutoff length of the potential.
For the dispersive interaction between a bead and the head/tip, the 9-3 LJ potential is used, (2) For the attractive interaction between polar end and head/tip, the potential is used as, (3) where ε p = 2ε quantifies the strength of the interaction between end beads and the head, r c = 1.165σ is the critical distance of the interaction, d = 0.3σ is the decay length for the short range interaction (3) .
The dispersive and attractive interaction potentials between a bead and the disk, U bd and U ed is the same as U bt and U et .
The polar beads at the ends of the polymers have a short-range attractive potential
The beads in the polymer chain are connected via finitely extensible nonlinear elastic (FENE) springs. (5) where k = 40ε/σ 2 is the spring constant, r is the distance between two beads, r e = 1.3σ is the equilibrium bond length, and R 0 = 0.3σ is the maximum extension of the spring (1) , (3) . Besides describing the motions of the beads, the Langevin equations is also employed for controlling the temperature of the lubricant like a thermostat, as shown in Eq. 7.
where m is the mass of the bead, and W(t) is Gaussian white noise, which represents the random dissipative force caused by the thermostat, and it is generated according to Eq. 7. 
Results and Discussion
In the simulated system, the area of ultrathin lubricant film on the disk is 40σ long in x direction and 40σ wide in y direction, as shown in Fig. 2(a) . A solid disk surface is placed at the bottom (z = 0). The lubricant film consists of 400 molecules.
The molecular dynamics simulation is performed in the environment of micro-canonical ensemble. The periodic boundary conditions are applied to the x and y directions. The force exerted by the disk is normal to the disk, there is no force component parallel to the disk, and the disk is completely smooth for the polymers.
The calculation is carried out in the reduced unit, in which σ, ε, and m are taken as the unit of length, energy, and the mass, respectively. The unit of time is given by t = σ(m/ ε) 1/2 . Langevin dynamics is used to keep the temperature of lubricant, T, constant. In order to avoid bond breakage and occasional high velocity collision in the lubricant molecules during the simulation, the high system temperature T should be avoided. However, if the system temperature T is too low, then the motion of the molecules should be low, so huge computational time will be needed for the system to reach stable status. Thus, in this simulation, T is set as 1.5ε/k B , which is also in accord with the values applied in (9, 10) .
(a) (b) Fig. 2 Morphology of lubricant film: (a) surface, (b) bottom. Green are back beads, and red are end beads
By applying a random initial position, the polymers are randomly deposed on the disk surface. The initial velocity distribution for each bead is given by random numbers so that the temperature of the lubricant film nearly matches the equilibrium temperature T. After lubricant spreading on the disk and reaching the stable status, it is found that about 82% of end groups are bonding with the disk surface, as shown in Fig. 2(b) , which indicates that the lubricant film approximates a monolayer. The thickness of the lubricant film is about 2.0σ -3.0σ.
In order to analyze the nanoscopic interactions in the HDI, the typical process of touch down-take off between sliders and disks has been simulated. The head is assumed to have a spherical tip with a radius of 10σ.
The interaction force during the process is illustrated in Fig. 3 . It can be found that, during the touch down period, the interaction force vibrates heavily due to the rough surface of lubricant film. The repulsive force on the head increases, with the increase of depth of head touching down. However, when the head height is lower than 1.0σ, the repulsive force decreases drastically, this is because at this high level, the lubricant molecules under the head have been moved aside, and the lubricant film has been ruptured. Thus, the head has Fig. 3 Interaction force between the head and lubricant film during head touch down-take off process (a) (b) Fig. 4 Snapshot of surface morphology of lubricant film during the process of (a) touch down and (b) take off directly contacted with the disk, which is confirmed by Fig. 4(a) . Fig. 4(a) shows the snapshot of surface morphology of lubricant film when the head reaches the height of 0.5σ. During the take off period, the repulsive force changes to attractive force, when the head is higher than 1.0σ. It can also been found that, even the head height is larger than 2.5σ, the head still get strong attractive force, which is larger than that at the same height during the touch down period. This phenomenon indicates that lubricant sticking occurs in this process, as shown in Fig. 4(b) . In order to reduce the sticking effect, some molecules with stronger polar functional end groups should be employed or mixed.
Conclusions
The short range interaction between the head and ultrathin lubricant film is investigated using molecular dynamics simulation. The touch down-take off process has been simulated to study the retention and replenishment performances of the ultrathin lubricant film. In order to attain both of these performances, the lubricant film should consist of two different types of lubricant molecules. One is the bonded molecule which is responsible for avoiding a direct contact between the head and disk. The other is the mobile molecule which is responsible for repairing the lubricant film which is ruptured by a contact with the head.
